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ABSTRACT Voltage-source converter-based multiterminal high-voltage direct current (VSC-MTDC) sys-
tems/grids are prone to system instability. This critical issue is overlooked in the literature. In order to
improve system stability, this paper proposes an effective active damping method as a remedy to suppress
voltage and power resonances in the VSC-MTDC grids by injecting damping signals into the inner current
loops of VSC-MTDC stations. With dynamic regulation of the damping current, resonance is suppressed
by power converter controllers without any additional current and voltage measurement. In this paper,
modeling and stability analysis of the VSC-MTDC system/grid is presented considering the dc-side energy
storage components, and control with a droop control structure. Then, single-frequency and multifrequency
resonance mechanisms of dc-bus voltage and power in the event of transients are analyzed. Later, the
stability effect of the MTDC system/grid inductance and capacitance values to the resonance amplitude
and frequency droop coefficients is investigated. A PSCAD/EMTDC platform is developed to conduct
dynamic simulations, and a scaled-down four-terminal 20-kW experimental prototype is used to validate
the effectiveness of the proposed control methodology.
INDEX TERMS Multiterminal, VSC-HVDC, dc-LC filter, resonance suppression, active damping.
I. INTRODUCTION
The development and application of renewable energy
sources has led to a worldwide proliferation of high volt-
age direct current (HVDC) projects [1], [2]. The evolu-
tion of voltage source converter (VSC) based multiter-
minal HVDC (VSC-MTDC) systems is started from the
point-to-point VSC-HVDC transmission systems. MTDC
systems are promising technology for integrating offshore
wind farms (OWF) with mainland grids, for long distance
bulk power delivery, city infeed, and construction of future
super grids. It offers several advantageous features such as
black-start capability, connecting weak ac-grids, and bidirec-
tional power flow [3]–[5]. In recent years, the VSC-MTDC
grids have received a great attention from academia and
industry pioneers in order to minimize the integration chal-
lenges of distributed generation. Compared with the tradi-
tional point-to-point VSC based direct current transmission
systems, VSC-MTDC has advantages of higher reliability,
more robustness, better self-protection performance andmore
flexibility. Particularly, it is suited to realize the interconnec-
tion of offshore wind farms [6], [7]. However, VSC-MTDC
system dynamics directly influence the system stability and
dynamic performance, therefore an extensive research on this
topic is necessary.
In a MTDC grid, a critical parameter of VSC stations con-
nected to MTDC network is the value of dc-bus capacitance.
It is designed by taking into account the voltage ripple and
controller dynamics [8], [9]. Although there are improve-
ments in MMC based converters which eliminate the need to
connect large dc-bus capacitor in the dc grid but the problem
of the highly inductive dc grid is still a concern regarding dc
circuit breakers (DCCB) and lengthy dc lines. A dc reactor is
usually connected on the dc side of VSC stations to suppress
the dc fault current peak, and to reduce the current rising
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FIGURE 1. The equivalent diagram of the test MTDC grid.
rate and the transients in the dc overvoltage [10], [11]. The
dc inductance is determined by the turn-off time of DCCB
and its maximum current blocking ability, which is limited
to its cost [12], [13]. The dc inductance leads to additional
transmission losses, cost effectiveness and affects the system
stability. Furthermore, the increase of dc inductance effec-
tively slowing down the propagation of dynamic change of dc
currents from one terminal to another [14]. The dc capacitor
and inductor connected in the dc grid and the inductance
and capacitance existed in the dc lines form a dc-LC filter.
It directly affects the dynamic response of the dc-link voltage
and the instantaneous power in the MTDC system, especially
when the dc transmission lines are long enough. Thus, the role
of inductance and capacitance in the MTDC grid cannot be
ignored [15].
Numerous studies have been conducted on the dynamic
control of VSC-MTDC, where transients of dc-link voltage
and power oscillations are addressed in [16], [20]. Direct
voltage fluctuations caused by dynamic change in the dc grid
are discussed in [16]. The dynamics and robust control of a
MTDC system considering the instantaneous power of both
the ac and dc side energy storage components is presented
in [17]. However, the transients of dc-link voltage and power
oscillations are neglected. A VSC-MTDC model is derived
mathematically in [18], and dc voltage control and power
sharing in a MTDC system based on droop control, is pro-
posed in [19]. However, the shortcoming is the voltage and
current oscillations that have not been suppressed. Oscillation
damping techniques have been considered in [16], [21]–[23].
Li et al. [16] proposed an active damping method based on a
low-pass filter, but the filter bandwidth is difficult to select.
Inter area oscillation damping scheme using active-power
modulation ofMTDC grid is presented in [21], but the pairing
of two terminals in the MTDC system is difficult to estab-
lish. Suppression of the dc voltage fluctuations caused by
fast transient power changes is achieved in [22] and [23].
However, it is difficult to precisely damp the fluctuations
when considering the power loop bandwidth. Thus, a voltage
feed-forward controller is introduced in the droop controller,
and the voltage deviation signal after a band pass filter is
added to the reference signal of the inner current controller
to eliminate the voltage fluctuations. At present, the stability
of MTDC grid has attracted great concern. To the best of
authors’ knowledge, the dynamics and control of MTDC sys-
tems with damping for voltage and power oscillation caused
by the dynamic change in the system have not been presented
in the literature.
In order to solve the mentioned shortcomings, this paper
analyses the energy storage components of the MTDC grid
and the effect of droop coefficients on the low-frequency
dc-link voltage oscillations, which causes power oscillations.
To address this issue, an active damping method which mod-
ifies the current reference in dq reference frame is proposed.
The rest of the paper is organized as follows: section II
deals with modeling, analysis and transfer functions of VSC
based MTDC system. In Section III, the dc-link voltage
resonance principle and effect of dc-link impedance parame-
ters on the system stability is analyzed. Proposed resonance
active damping method for VSC-MTDC systems is explained
in section IV. Proposed control method is validated though
simulation and experimental results in section V. Finally,
conclusions are drawn.
II. MODELING OF MTDC GRID
This study considers a four-terminal MTDC grid as shown
in Fig.1. For notation brevity, subscript i represents the ith
VSC (VSCi, i = 1, 2,. . . ) and, Udci, idci, Pi, Qi represent
the direct voltage, direct current, active and reactive powers,
respectively. The power direction from the ac to dc side is
defined as positive.
To consider the effect of dc lines on low-frequency
oscillations, the modelling of dc lines has great impor-
tance. Typically, single π section equivalent circuit [24],
multipleπ sections equivalent circuit [25], and the frequency-
dependent [26] cable models are used for studies on stabil-
ity analysis. In the equivalent MTDC grid, the equivalent
impedance of dc lines is modeled as multiple cascaded π
sections which are represented by a simple series R − L
circuit, and a shunt capacitor C . For large values of MTDC
grid capacitances, the influence of a single π section and
multiple cascaded π sections are similar [27]. And the single
π section model is sufficiently accurate up to 100 Hz [14].
VOLUME 5, 2017 16975
Y. Liu et al.: Dynamic Resonance Analysis and Oscillation Damping of Multiterminal DC Grids
FIGURE 2. Equivalent dc circuit of the MTDC grid test system.
This paper focuses on the low-frequency resonance which
is less than 50 Hz. Thus in this paper, each dc line is a
singleπ sectionmodel to represent the equivalent impedance.
Therefore, VSC-MTDC grid is equivalent to the circuit as
shown in Fig.2. Here, Ri, Li, and Ci are the equivalent dc
resistance, inductance and dc capacitance of ith VSC. Rij, Lij,
and Cij represent the resistance, inductance and capacitance
of dc lines between VSCi and VSCj, respectively. Uci is the
dc bus voltage. In order to mitigate the system resonances,
damping control is needed within the system controller to
stabilize the dc-link voltage and maintain the system control
performance, whilst the dc bus capacitor is minimized.
III. RESONANCE ANALYSIS OF MTDC GRID
A. VOLTAGE DROOP CONTROL IN MTDC GRID
Among the control strategies of VSC-MTDC grids, the
voltage-droop control is widely applied because it allows
multiple VSC stations to participate in dc voltage control
and power sharing simultaneously. The droop coefficients are
defined in (1) and (2). From (1), the droop coefficient ki is
equivalent to the multiplicative inverse of damping resistance
Rkd in the VSC-MTDC grid. So, the value of the droop
coefficient has considerable effect on attenuation of voltage
oscillation. A larger damping resistance, means a smaller
droop coefficient, quickly damps the direct voltage oscilla-
tion but causes a large dc voltage deviation during transient
states [6].
ki = 1Pi/1Udci (1)
Rkd = 1/ki = 1Udci/1Pi (2)
Clearly, droop control increases the output resistance of
each source, which makes them far from an ideal source.
Consequently, the VSC stations with droop control can be
equivalent to a controlled current source is. The control block
diagram of the droop control is shown in Fig.3, where the
inner current loop is considered to have perfect closed loop
dynamics and is approximated by a first order system with
time constant Ts. Thus, the transfer functions Gd1 and Gd2
from direct voltage Udci to input current is and direct ref-
erence voltage Udciref are given in (3) and (4), respectively.
The direct voltage can be expressed by the reference direct
voltage Udciref and input current isas in (5), where Ceqi, Ceqj
FIGURE 3. Block diagram of dc-link voltage regulation by voltage-droop
control.
is the equivalent capacitance of VSCi and VSCj. iL is the
inductance current.
Gd1 =
Udci
is
=
Tss+ 1
TsCeqis2 + Ceqis+ ki
(3)
Gd2 =
Udci
Udciref
=
ki
TsCeqis2 + Ceqis+ ki
(4)
Udci = Gd1is + Gd2Udciref (5)
B. ANALYSIS OF SINGLE-FREQUENCY RESONANCE
MTDC GRID
As mentioned before, each VSC station is considered equiv-
alent to a controlled current source is with output current iout
and the dc line is modelled as a π section. The π section
model of the dc line is introduced in [28]. The equivalent
four-terminal MTDC grid with a single π section, is shown
in Fig.4. The existing dc line capacitances are added to the dc
bus capacitor to give the equivalent capacitors Ceq1 and Ceq2.
L and R are the inductance and the resistance in the dc line.
Using electrical circuit theory, the system state equations are
as follows:
ic + idc = Ceq(dUdci/dt)+ idc = is (6)
uR + uL + Udcj − Udci = 0 (7)
L(didc/dt)+ Ridc + Udcj − Udci = 0 (8)
The transfer function in frequency domain, after Laplace
transform of (8) is (9) that give the relation between the dc
current idc and ac current is as in (10):
sLidc + Ridc +
2idc
sCeq
=
is
sCeq
(9)
idc
is
=
1
sCeq(sL + R+ 2/sCeq)
(10)
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FIGURE 4. Equivalent circuit of MTDC system with single dc line.
TABLE 1. The parameters of dc lines.
Similarly, transfer functions of output direct voltage Udci
to input current is are as in (11) and (12) for i
th and jth VSCs,
respectively.
Gi =
Udci
is
=
LCeqs
2 + RCeqs+ 1
s(LC2eqs
2 + RC2eqs+ 2Ceq)
(11)
Gj =
Udcj
is
=
1
s(LC2eqs
2 + RC2eqs+ 2Ceq)
(12)
The derivation of (8) is:
L
di2dc
dt2
+ R
didc
dt
+
dUdcj
dt
−
dUdci
dt
= 0 (13)
Since Ceq(dUdcj/dt) = idc, (13) can be simplified to:
di2dc
dt2
+
R
L
didc
dt
+
2idc
LCeq
=
is
LCeq
(14)
From (14) following can be deduced:
1) When the dc equivalent capacitance Ceq ≥ 8L/R,
the system is stable.
2) When the dc equivalent capacitance Ceq < 8L/R,
the system presents resonance during a transient
state.
DC transmission line parameters are given in Table 1.
Bode plots of the system with different parameters for single
π section is shown in Fig.5(a). As MTDC grid inductance
increases, the resonance frequency decreases and the reso-
nance amplitude increases.
C. ANALYSIS OF MULTI-FREQUENCY RESONANCE
MTDC GRID
In this section, multi-frequency resonance (multiple dc lines)
in the MTDC system is analysed. The equivalent circuit
of the parallel four-terminal MTDC grid with three dc
lines l12, l14 and l23 is shown in Fig.7, where Rij, Lij,
FIGURE 5. Bode plots of the MTDC grid with different parameters.
(a) under single dc line. (b) under three dc lines.
FIGURE 6. Relationship between (a) resonance magnitude, inductance
and capacitance, (b) resonance frequency, inductance and capacitance.
Cij(i = 1, 2, 3, . . . , j = 1, 2, 3 . . .) are the line resis-
tance, line inductance, and the line capacitance between
VSCi and VSCj. The test system state equations are
(15) and (16), as shown at the top of the next page:
where x = [Udc1Udc2Udc3Udc4iL1iL2iL3]
T, u = [is4, iout ],
and y = [Udc1Udc2Udc3Udc4]
T. The state matrices A,
B, C and D are derived from (15). The Bode plots of
the transfer function from Udc3 to Udc4 are illustrated
in Fig. 5(b). The MTDC grid with three dc lines generates
direct voltage link resonance at three frequencies. Fig.6 is
presenting two relationships: (a) between resonant amplitude
and frequency (b) system dc impedance and capacitance.
In order to suppress the resonance, the dc bus capaci-
tance should be increased because the dc line impedance
parameters are determined with its own properties. How-
ever, increasing capacitance will increase system volume
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

C1
dUdc1
dt
= iL1 − iL2
C2
dUdc2
dt
= iL2 − iL3
C3
dUdc3
dt
= iL3 − iout
C4
dUdc4
dt
= is4 − iL1
R1iL1 + L1
diL1
dt
= Udc4 − Udc1
R2iL2 + L2
diL2
dt
= Udc1 − Udc2
R3iL3 + L3
diL3
dt
= Udc2 − Udc3
(15)
{
x˙ = Ax + Bu
y = Cx + Du
(16)
A =


0 0 0 0 1/C1 −1/C1 0
0 0 0 0 0 1/C2 −1/C2
0 0 0 0 0 0 1/C3
0 0 0 0 −1/C4 0 0
−1/L1 0 0 1/L1 −R1/L1 0 0
1/L2 −1/L2 0 0 0 −R2/L2 0
0 1/L3 −1/L3 0 0 0 −R3/L3


B =
[
0 0 0 1/C4 0 0 0
0 0 −1/C3 0 0 0 0
]T
C =


1 0 0 0 0 0 0
0 1 0 0 0 0 0
0 0 1 0 0 0 0
0 0 0 1 0 0 0

 , D = 0
and costs, which may not be practically acceptable. Con-
sequently, a control method should be used to suppress the
resonance.
IV. ACTIVE DAMPING METHOD FOR RESONANCE
SUPPRESSION
A. COMPARISON OF DAMPING METHODS FOR
RESONANCE SUPPRESSION
Typically, resonance damping approaches are classified into
passive and active methods. In general with passive damping,
a resistor Rd is inserted in series with the capacitor or in
parallel with the inductor as illustrated in Fig.8. Derived
circuit equations are given in (17), and the state matrices are
(18) and (19).


Ceqi
dUdci
dt
+ i
′
dc +
Udci − Udcj
Rd
= is
Ceqj
dUdcj
dt
− i
′
dc −
Udci − Udcj
Rd
= iout
di
′
dc
dt
= −
R
L
i
′
dc −
Udci
L
−
Udcj
L
(17)
A1 =

−1/(RdCeqi) 1/(RdCeqi) −1/Ceqi1/(RdCeqj) −1/(RdCeqj) 1/Ceqj
1/L −1/L −R/L

 (18)
B1 =

 1/Ceqi 00 −1/Ceqj
0 0

 C1 =

 1 0 00 1 0
0 0 1

 (19)
Changing the equivalent impedance of the network by
means of a passive component is not a reliable solution.
Although passive damping can suppress the resonances,
it may also lead to resonances in other frequencies. In addi-
tion, with passive damping, current flowing through the par-
allel resistor introduces extra power losses. Moreover, in the
MTDC grid, shunt connected resistor to the dc lines may not
be realistic because of its high cost and losses, as the current
iR through the resistor Rd is large. It also attenuates the high-
frequency, thereby generating more system harmonics [23].
In order to address these shortcomings, the passive damping
method is replaced with an active damping method, which
suppresses any oscillation effectively by a control algorithm,
without a physical resistor.
An active damping method, equivalent to a passive
approach, is depicted in Fig.8, where Rvd is the virtual
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FIGURE 7. Equivalent circuit of four-terminal MTDC grid with three dc lines.
FIGURE 8. Equivalent circuit of MTDC with damping control.
damping resistor. The virtual active damping has the same
resonance suppression effect as the passive damping with
extra benefit of no power loss because it does not require a
physical resistor in the circuit. A new state matrix A2 under
proposed damping method is established in (20) by using the
same variables as the passive damping method.
A2 =

−1/(RdCeqi) 1/(RdCeqi) −1/Ceqi0 0 1/Ceqj
1/L −1/L −R/L

 (20)
The Bode plots of the single-frequency and multi-
frequency resonance with passive damping, proposed damp-
ing method and without any damping method are depicted
in Fig.9(a) and (b) respectively, for the cause of comparison.
Plots show that the proposed active damping method works
at the resonant frequency. However, the magnitude at high
frequency is same as without damping control which means,
under the proposed damping control, not only suitable damp-
ing performance can be realized but also no high harmonic
components are generated.
B. REALIZATION OF THE PROPOSED RESONANCE
SUPPRESSION STRATEGY
The fundamental control diagram of VSC-HVDC station
comprised of the outer controller and the inner controller as
shown in Fig.10, where the isa, isb, isc, usa, usb, usc, uaref ,
ubref , and ucref are the three phases ac current, ac voltage
andmodulating signals, respectively. PLL is the phase-locked
loop. The controller is decoupled in dq control, where the d-
axis controls the direct voltage or active power and q-axis
regulates the reactive power or ac voltage. isdref , isqref , isd ,
FIGURE 9. Bode plots of the proposed damping methods. (a) under
single-frequency. (b) under multi-frequency.
isq are the reference value and measured values of d-axis and
q-axis components, respectively. The q-axis control mode is
dependent on the value of iq_mode for reactive power con-
trol or ac voltage control according to the applications.Where
Qref , Q, Uacref , Uac are the reference and measured values
of reactive power and ac voltage. The d-axis control mode
depends on the values of a and b:
1) If a = k , b = 1, where k is the droop coefficient, then
the system is with voltage-droop control.
2) If a = 1, b = 0, the control mode is constant voltage
control.
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FIGURE 10. The proposed control diagram of VSC station with resonance suppression strategy.
3) If a = 0, b = 1, the control mode is constant power
control.
The outer controller for ith VSC controller based on the
proposed damping method is described by:
1isdi =
(
kpi +
ksi
s
) [
(Piref − Pi)+ ki(Udciref − Udci)
]
− (
Udci
1.5Usdi
Udci − Udcj
Rvd
+ 1)isdii = 1, . . . , j, . . .
(21)
where, kpi and ksi are the proportional and integral gains
of the droop controller, respectively. Piref , Pi, Udciref , Udci
denote the reference and measured values of active power
and dc voltage at the ith VSC station, respectively.Usdi and
isdi are the d-axis components of three phase ac voltage and
ac current while ki is the droop coefficient of the i
th converter.
In order to realize the proposed resonance suppression
strategy, the VSC controller is modified. The virtual direct
current signal ivd is transformed to ac signal and added to the
modulation signals. The current through the virtual resistor
ivd of Fig.8 is given in (22). Ignoring the power converter
losses, the ac power is equal to the dc power. The relationship
between virtual current ivd and the d-axis component isd of ac
current in the dq frame can be obtained from (23) and (24).
Hence, the virtual current ivd is added to the inner loop
controller of the power converter. The modified control block
diagram is shown in Fig.10. The proposed method is advan-
tageous as it requires no additional sensors and is easy to
implement. Such a method finds its applications in MTDC
grid where VSC stations are at risk of dynamic change.
ivd =
Udci − Udcj
Rvd
(22)
P = Udcidc =
3
2
Usd isd (23)
ivd =
(
Udci
1.5Usdi
)(
Udci − Udcj
Rvd
)
isd (24)
TABLE 2. Designed system parameters.
V. SIMULATION AND EXPERIMENTAL RESULTS
In order to verify and validate the effectiveness of the
modelling and analysis of the proposed control strategy
for VSC-MTDC grids, a four-terminal VSC-MTDC grid of
Fig. 1 is simulated and experimentally configured viz., power
change and permanent disconnection of a VSC. For observa-
tion convenience, the dc-link voltage and power values are
presented in per-unit. In this network, converters VSC2 and
VSC3 are droop controlled while VSC1 and VSC4 are inter-
faced with offshore wind farms and power loads, operating
with fix power control.
A. SIMULATION RESULTS
The configuration of Fig. 1 is assessed with proposed active
damping and without any damping technique through sim-
ulations developed in PSCAD/EMTDC. DC link and control
parameters of Table 1 and 2, respectively, are used to suppress
the resonance caused by the system dynamics. Two tests are
formulated as described in the subsequent (a) and (b) sub-
sections.
1) At t = 1.0 s, power through VSC4 is reversed from
0.5 pu to -0.5 pu as shown in first half of Fig.11.
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FIGURE 11. Voltage and power profiles of MTDC grid. (a) Single dc line
without damping (L = 0.264H). (b) Single dc line without damping
(L = 0.528H). (c) Multiple dc lines without damping. (d) With proposed
damping method.
In order to keep the balance of power transmission
in the MTDC grid, the dc link voltage is reduced by
0.05 pu. Meanwhile, VSC2 and VSC3 regulate their
active power to share the power deviation caused by
VSC4. As the power deviation of VSC4 is 1.0 pu,
VSC2 and VSC3 reduce power to 0.66 pu and 0.33 pu,
respectively. VSC station with a larger droop coeffi-
cient shares more power and hence cause larger res-
onance amplitude. Therefore, resonance amplitude of
VSC2 is twice that of VSC3.
2) At t = 2.0 s, VSC1 is permanently disconnected
from the system because of a symmetrical ac fault
on grid A as shown in second half of Fig.11. Thus,
VSC2 and VSC3 collectively compensate the power
deviation caused by disconnection of VSC1.
3) Results without damping: Fig.11(a), (b), and (c) show
the dynamic results without damping for single dc line
and multiple dc lines, respectively. The dc-link volt-
age and power profiles appear as single-frequency
resonance with single dc line, and multi-frequency
resonance with multiple dc lines, in the transient
state. It is clear from Fig.11(a)-(c) that as the induc-
tance increases, the resonance amplitude and fre-
quency reduced which confirms the analysis illustrated
in Fig.6. In addition, the harmonic analysis of the
active power P2 under different simulation scenarios
are shown in Fig.12(a), (b), and (c). As analysed in
section III, the resonance frequencies under different
conditions well matched with the analysis of Fig.5 and
Fig.6, respectively. Test results verified that the tran-
sient dc-link voltage and power resonances are caused
by the energy storage components in the MTDC grid.
The ability of sharing the power deviation is dependent
on the droop coefficients, which are proportional to the
power deviation sharing and the resonance amplitude.
4) Results with proposed active damping: To mitigate
the aforementioned effects, simulations are performed
for the designed MTDC grid with the proposed active
damping method and multiple π sections dc lines.
The dc-link voltage and power profiles for power vari-
ation and permanent VSC disconnection tests are shown
in Fig. 11(d). The harmonic analysis of active power P2
under the proposed active damping method is presented in
Fig.12(d). Plots show that the dc-link voltage and power
resonance profiles are well suppressed. Suppression of single
and multi-frequency resonances are same. That’s why results
for only multi-frequency are presented here. VSC stations
quickly respond to the dynamic change in the system with
active damping. All of the dc-link voltages are within the
permissible range of ±10%. This avoids overvoltage and
overloading of VSC stations during transients as well as
improves the stability and robustness of the MTDC grid.
B. EXPERIMENTAL RESULTS
Configuration of Fig. 1 is assessed to validate the effective-
ness of the proposed active damping control strategy and the
analysis of the single, and multi-frequency resonances with
the experimental platform. A 20 kW four-terminal HVDC
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FIGURE 12. The Fourier analysis under different scenarios. (a) Single dc
line without damping L = 0.264H. (b) Single dc line without damping
L = 0.528H. (C) Multiple dc lines without damping. (d) Multiple dc lines
with proposed damping method.
FIGURE 13. Experimental platform of four-terminal VSC-HVDC test grid.
grid based on two-level VSC workbench is established in lab
as shown in Fig. 13, using the control parameters in Table 2.
The decentralized voltage droop control is applied to the grid
connected VSCs while the WF connected VSCs operate with
a fix active power and ac voltage control to extract maxi-
mum power. The experiments are performed at a low voltage
level because of laboratory experimental setup components
restrictions. The dc and ac voltages, and the nominal power
of VSCs presented in Table 2 are scaled-down to 1000:1. So,
the experimental results are also attenuated.
The dc lines are modeled using dc resistors, capacitors and
inductors in a π section fashion according to Table 1. Lengths
of dc lines l12, l23 and l14 are scaled-down to 100:1, which
means the length of l12, l23 and l14 are 1.25 km, 1.6 km and
0.8 km, respectively.
The control strategy and the droop coefficients are same
as for the simulations. Validation of the proposed resonance
FIGURE 14. MTDC grid experimental results. (a) under a single dc line
without damping. (b) under multiple dc lines without damping. (c) under
multiple dc lines with proposed damping method.
suppression method is experimentally tested through power
change and permanent VSC disconnection. Experimental
case studies are presented in the following (a) and (b)
sub-sections. The measurements are done with Yokogawa
DL850E scope coder.
1) At t = t1, VSC4 power is instantaneously reversed
from 0.5 pu to -0.5 pu. The power deviation caused
by VSC4 is compensated reasonably by VSC2 and
VSC3 with droop control, according to their respec-
tive droop coefficients as shown in first half of
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Fig.14. Resonance amplitude of VSC2 is twice that of
VSC3 because of larger droop coefficient of VSC2.
2) At t = t2, VSC1 is permanently disconnected from dc
grid because of the symmetrical ac grid fault on grid
A. Power deviation caused by VSC1 disconnection is
compensated through VSC2 and VSC3 collectively as
shown in second half of Fig.14.
3) Results without damping: Dynamic experimental
results without passive damping for a dc line and
multiple dc lines are shown in Fig.14(a) and (b), respec-
tively, under two conducted tests. Resonance ampli-
tude and frequency is reduced as inductance increased
in Fig.14(a) and (b) which confirms the analysis illus-
trated in Fig.6. Experimental results proved that the
energy storage components in the MTDC grid are the
cause of transients of dc-link voltage and resonances
in power profile. Moreover, power deviation sharing
and the resonance amplitude is droop coefficient’s
dependant.
4) Results with proposed active damping: As with the
simulations, the MTDC system experimental results
with proposed damping method for multiple dc lines
are illustrated in Fig.14(c).
The power deviations caused by VSC4, during test-1, and
VSC1, during test-2, respectively, are compensated reason-
ably by VSC2 and VSC3 with droop control, according
to their respective droop coefficients, as illustrated in first
and second half of Fig.14(c), respectively. The dc-link voltage
and power resonance profiles are well suppressed with the
proposed active damping technique. Suppression of single
and multi-frequency resonances are same. That’s why results
for active damping only with multi-frequency are presented.
Thus, effectiveness of the proposed damping method to sup-
press transient resonances caused by energy storage compo-
nents is validated.
Simulation and experimental results are well matched as
clear from Fig.11 and Fig.14. Thus, active damping based
control strategy find its applications in MTDC grids where
VSC stations are at risk of transients due to power change,
load demand change or eventual VSC disconnections. Over-
all, proposed method is even cheaper and easy to implement
than passive damping as it do not require additional sensors.
VI. CONCLUSION
An active damping method has been proposed for
VSC-MTDC grid to suppress the direct voltage and power
resonances considering the influence of dc grid parameters
on VSC-MTDC system’s stability. Relationship between
dc and ac powers used to develop the proposed tech-
nique through modification in the inner current reference.
Droop coefficients designed to regulate the dc-link volt-
age, power and amplitude of resonance as transients mainly
caused by the energy storage components. A VSC-MTDC
grid was modeled, analyzed and the transfer function
between the input current and dc-link voltage was deduced.
Relationships between resonant amplitude and frequency, the
system impedance and capacitance parameters ofMTDC grid
were analyzed, respectively.
A four terminal VSC based HVDC scaled down
experimental platform and simulations developed in
PSCAD/EMTDC were used to assess the effectiveness of the
designed active damping strategy to achieve direct voltage
and power profiles free from resonances during transients.
Several case studies were conducted, including wind power
variation and loss of a grid-side VSC. The results showed
good system performance, all in accordance with the pro-
posed control scheme specifications during both steady and
transient states. Such a damping method finds its application
in MTDC grids where VSC stations are at risk of transients.
In addition, the proposed method is cheap and easy to imple-
ment than passive damping as it does not require additional
sensors.
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